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This research report discusses a binary power generation 
and salt water distillation cycle that was the subject of 
a feasibility study at Florida Technological University. 
The thermodynamic equations are derived and the results 
of a parametric stuqy to determine optimum fluid proper-
ties is presented, 
This cycle produces power at efficiencies significantly 
higher than that of conventional cycles and at the same 
time produces a significant amount of fresh water. The 
efficiency is maintained even at the high turbine· outlet 
temperature necessary to produce fresh water. 
The important quantities in considering the cycle efficien-
cy and the fresh water production are the heat of reaction 
and the absorption capacity •. Changes in these quantities 
will have the greatest effect on the efficiency and the 
fresh water production. 
The results of the calculations and the parametric study 
are presented which compare the turbine outlet temperature 
with the efficiency and fresh water production for a con-
v 
ventional cycle and the binary cycle discussed here. 
Conclusions are presented that this cycle should be afforded 
more study by means of a model plant and experimentation to 
validate the results calculated. 
vi 
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CHAPTER 1 
INTRODUCTION 
The increasing demand for electricity and the increasing 
number of electrical products and equipment coupled with 
the current energy crisis and decreasing ·supply of fossil 
'fuels, nec.essitates the most efficient m.eans of electrical 
power production that man can devise to conserve energy. 
In 1965, electrical power generation accounted for 18.3% 
of the fossil fuel use 1 • At the current rate of increase, 
this can be expected to be approaching 25% by the year 
1980. Since electrical power generation demands a large 
percentage of the fossil fuel supply it is evident that 
an increase in the efficiency of electrical power plants 
would save a substantial amount of the remaining fossil 
fuel reserves. 
For example, currently the average efficiency for an elec-
trical power generating plant is about 30% 2• In 1970, the 
total amount of electrical power consumed in the United 
States was approximately 1.5 X 1012 kwhr or 5 X 1015 BTU3. 
At an average efficiency of 30% this amounts to 16.7 X 1015 
1 
2 
BTU of energy that must be supplied as fuel. If the aver-
age efficiency could be increased by 5%, 5.8 X 1015 BTU 
or 1.7 X 1012 kwhr of electrical energy could be produced 
from the same amount of fuel. On a continuous basis, the 
extra power generated is enough to supply the needs of 
200 million average size homes. 
With the depletion of the fossil fuel supply being estimat-
ed to occur within the next couple of centuries, and before 
the year 2000 by pessimistic sources, maximum efficiency 
for power generation plants is very desirable. The 
efficiency of the Rankine cycle, which has been the work-
horse of electrical power generation, has continually in-
creased with the addition of reheatj regeneration and 
other efficiency improving methods and with improvements 
- . 
in the basic four components of the cycle, i.e. the boiler, 
turbine-generator, condenser and the pump. Modern Rankine 
cycles have efficiencies of around 40%. It is doubtful, 
however, that any further significant increase in the 
efficiency of the cycle can be achieved, 
The binary power generation and salt water distillation 
cycle presented in this report, operates at a higher 
efficiency than that of conventional cycles and at the 
same time makes use of the waste heat for production of 
fresh water. The cycle uses co2 , instead of steam, as the 
working fluid and henceforth, for brevity, it will be 
called the co2 ~ycle. The condenser is replaced with an 
absorber and the boiler with a regenerator-superheater. 
A full process de-scription is .given in Chapter 2. 
CHAP.TER 2 
co-z -ABSORPTION POWER GENERATION CYCLE 
The co2 cycle is shown in Figure 2.1. The cycle is based 
on a co2 absorption-regeneration process conventionally 
used for removing co2 from gas streams, combined with 
a conventional turbine-generator for producing electric-
ity. An absorber replaces the condenser in the . Rankine 
cycle while a regenerator-superheater replaces the boiler. 
A Pelton wheel and a carbonate cooler are also added to 
the cycle. An overall description of the process is 
given in the following paragraphs. 
Pictorially referring to Figure 2.1, co2 leaves the turbine 
and enters the absorber. The co2 at this point is at a 
relatively low temperature and pressure (typically 200°F 
and 25 psia). The co2 is absorbed by the carrier fluid 
in the absorber by means of an exothermic reaction giving 
off an amount of heat equal to the heat of reaction of 
the two compounds. This heat is used in the binary cycle 










































































































































































































The co2-carrier fluid mixture flows to the pump where the 
- --
pressure is raised to. the value desired for entrance to 
the turbine. Constant pressure is assumed across the 
regenerator-superheater and the necessary turbine inlet 
pressure must be realized by the pump. 
From the pump, the . mix~ure proceeds to a heat exchanger 
where the regeneration process is initiated. In the heat 
exchange the mixture picks up heat from regenerated carrier 
fluid returning to the absorber, causing some of the co2 to 
be released. The mixture then flows to the regenerator 
where the bulk of the co2 is boiled off. The co2 from 
the regenerator is joined .with the c·o2 released in the heat 
exchanger and is piped to the superheater where the temp-
erature is raised to the desired value for entrance to the 
turbinee The co2 is then expanded through the turbine to 
power a generator to generate electricity. 
-· 
The regenerated carrier fluid, meanwhile, leaves the 
regenerator and goes through the heat exchanger giving 
up heat as described previously. The carrier fluid then 
proceeds to the Pelton· wheel where it is dropped in pres-
suree This process recovers energy that is used to help 
offset the energy required by the pump. The carrier fluid 
7 
is now at the absorber pressure but it is at a higher temp-
erature than the absorber. This is due to the fact that 
a real heat exchanger has an effectiveness -of less than 
one. Ideally the regenerated carrier fluid should leave 
the heat exchanger at the temperature at which the mixture 
is entering. However, it leaves at a slightly higher temp-
erature and it is this temperature difference that must be 
removed by the carbonate cooler. 
The carbonate cooler is s~ply a heat exchanger. The 
excess heat is transferred from the carrier fluid to 
cooling water. In the case of the binary cycle, the 
cooling water is sea water that is used for desalination. 
The carrier fluid, now at the absorber temperature and 
pressure, re~urns to the absorber and the cycle continues. 
No mention is made of regeneration, reheat or any other 
efficiency improving methods in this cycle, however, they 
could easily be employed. They are not included in this 
report for reasons of simplicity. Addition of one or 




is used as the working fluid in the turbine, 
8 
any gas that can be absorbed by the carrier fluid could 
be used. It -has an advantage over steam in that it has 
a very low point of vaporization and there is virtually 
n.o danger of liquid .droplets damaging the turbine blades. 
Some water vapor would be present in the co2 , however, 
· and the turbine outlet conditions would have to be selected 
so that the vapor did n-ot cond·ense in the turbine. 
The co2 cycle offers several advantages over conventional 
power cycles. The increased efficiency will mean a lower 
fuel requirement for the same amount of electrical output 
or an increased electrical output with the same fuel in-
put. In other words, a barrel of oil will result in a 
greater output of electrical power. 
Another advantage is that heat is rejected from the absorb-
er, due to the heat of reaction of the absorption process, 
and it can be used to heat sea water for desalination. The 
heat from the absorber can be given off at a high enough 
temperature to produce a substantial amount of fresh water 
while generating power at an efficiency higher than that 
of a conventional Rankine cycle. 
A decrease in thermal pollution will also be realized over 
9 
conventional power plants. Conventional plants must rej-
ect heat from the cond·ens·er where the steam from the tur-
bine is changed to water. This heat is removed by cooling 
water which is allowed to flow to a body of water where 
the heat is dumped. The cooling water, after passing over 
0 the condenser, is ~enerally at a temperature of 90-100 F 
( 32.2-37. 8°C) and is a source of ther·mal pollu·tion. The 
waste heat from the co2 cycle is used in the desalination 
plant to desalt sea water. The he~t from the co2 cycle is 
at a high enough temperature that desalination is feasible 
whereas the heat from a conventional condens·er is not. · It 
should be noted, that heat is rejected from the desalina-
tion plant via the brine that is rejected to control salin-
ity. The temperature of this brine, however, is lower than 
that of the cooling water from the condenser and it thus 




The thermodynamic equations for each device are derived 
based on Figure ),1. Ea.ch device is tr·eated separately 
and the appropriate assumptions are stated for each. A 
discussion of other as.sumptions and equations is pre-
sented at the end of the chapter. 
To facilitate changes in numerical values and th~ many 
calculations required to obtain the desired data with 
each change, ,a computer program was Y'lr i tten. The equ-
ations presented here are the same equations used in the 
program. The program and a brief explanation are pre-
sented in Appendix B. 
3.2 Absorber 
The absorber performs the job of combining the co2 from 
the turbine with the carrier fluid. This is accomplished 
by an absorption process in which the co2 is absorbed by 





































































































































































































of an exothermic chemical reaction. The exothermic 
reaction implies a heat loss associated with this device 
which is simply the he:at of reaction, hor, of the two 
compounds and can be found in a table of heats of reac-
tion 
4
• The total heat lost per unit· time is the mass 
flow rate of the co2 times the heat of reaction. That iss 
'labs = hor (3.1) 
Where = Heat loss per unit time from the ab-
sorber 
hor = Heat of reaction given in BTU per pound . 
of co2 absorbed 
= Mass flow rate of co2 
Several assumptions are made about the absorber to apply 
it to the co2 cycle. It is assumed that the absorption 
efficiency is 100%. In other words, all the co2 that 
enters the chamber is absorbed by the carrier fluid and 
the carrier fluid absorbs to its maximum capacity. 
Practically, the absorption effi9iency ranges up to about 
80% in a conventional absorption-regeneration process. 
An assumption is also made about the absorber pre~sure. 
In conventional absorption-re gener ation processes, the 
1) 
absorber pressure - is usually around 300 psig. While the 
carrier fluids have a natural tendency to absorb co2 , 
the high pressure acts as a driving force to enhance ab-
sorption of co2 by the carrier fluid. The.operatin~ 
pressure for the absorber in the co2 cycle, however, is 
25 psia. The pressure is maintained this low to get more 
power from the turbine. This low pressure may well have 
an adverse effect on the absorption rate. 
It is further assumed that any adverse effect on the ab-
sorption capacity caused by the l9w pressure in the ab-
sorber can be offset by the fact that pure co2 is being 
absorbed, improving the carrying capacity of the fluid. 
A similar result is obtained from experiment in reference 
5. In these ,experiments, an in~rease in th~ co2 content 
of the feed gas in the absorber, in general, caused an 
increase in the carrying capacity of the fluid. 
In the calculations performed in_ t~is report, it is 
assumed that the absorber temperature is equal to the out-
let temperature of the turbine and all the heat generated 
by the absorption process is used to heat sea water for 
desalination. If the desalting process were not included 
in this cycle, the liberated heat could be used to reheat 
14 
the gas leaving the turbine. The gas in the turbine could 
then be exp~n~ed to a very ~ow temperature, producing .more 
work, and then heated to the temperature necessary for ab-
sorp~ion by the heat of reaction given off. There is, how-
ever, a Second Law of Thermodynamics limitation due to the 
· fact that at certain conditions, Carnot efficiency is ex-
ceeded. However, ~ince this facet of the cycle d~es not 
deal with the binary aspects, it is not discussed in this 
report. 
3.3 Pump and Pelton Wheel 
The pump raises the pressure of the mixture coming from 
the carbonate cooler to the pressure at ~hich it will enter 
the turbine. Constant pressure is assumed across the 
regenerator-superheater and the necessary turbine inlet 
pressure must be r~alized by the pump. The .work per 
formed by the pump is a compression process described by: 
Where w = p 
v = 
p :::: 
= fvdP + jPdv 




If the""'·'carrier fluid 1.s assumed incompressible, the volume 
15 
does not change and Equation 3.2 reduces to: 
= (3.3) 
Integrating between points 2 and 3 and recognizing that 
. the specific volume is that of the carrier fluid-C02 
mixture: 
Where v mix = 





Specific volume of the carrier fluid-
co2 mixture 
.. 
mass flow rate of the mixture: 
= m . v . (P3 - P2) (3.5) ffilX ffilX 
Mass flow rate of the carrier fluid-C02 
mixture 
Pump work per unit time 
The Pelton wheel extracts energy from the hot, high pres-
sure, regenerated carrier fluid returning to the absorber. 
The high pressure fluid is allowed to expand through the 
Pelton wheel, extracting energy to offset some of the 
energy required by the pump. Const~nt tempera~ure is 
assumed across the Pelton wheel and, therefore, while the 
16 
pressure drops, the temperature remains the same. 
The analysis for the Pelton wheel is similar to that of 
the pump except, in this case, a decrease in pressure is 
involved as opposed to an increase in pressure across the 
pump. Equation J.~ again results, but this time the work 
is being done by the fluid on the device instead of the 
device doing the work on the fluid as in the case of the 
pump. As befores 
= vJdP (3.6) 
Where wpw = Work of the Pelton wheel per unit mass 
The work is produced between points 6 and 7 as shown in 
Figure 3.1. Recogni~ing that the fluid at these points 
is the carrier fluid, Equation J.6 reduces similarly as 
before: 
= (3.7) 
Where Mass flow rate of the carrier fluid 
v = Specific volume of the carrier fluid car 
W ~ Pelton wheel work per unit time pw 
Bringing a negative sign out in front of Equation 3.7 
17 
to reverse the pressures and adding it to Equation 3.5, 
an equation f3r the net energy required by the pump-
Felton wheel combination is: 
= 
(3.8) 
Where = Net power required by the pump-Felton 
wheel combination 
Inserting the efficiencies of the pump and Pelton wheel, 




m . v . (P
3 ffilX IDlX 
Efficiency of the pump 
Efficiency of the Pelton wheel 
The pressure rise across the pump is ~ssumed equal to the 
pressure drop across the Pelton wheel. That is: 
(3.10) 
Using Equation ),10 and assuming that the specific volume 
18 
of the mixture is equal to the specific volume of the 
carrier fluid (They are within 6%, see Section ].8), . -. -4 
Equation 3.9 reduces tot 
• m • 
vm l·x ( PJ - p2 ) ( 7~x ' 7 ) - mcar pw (3.11) 
This is an equation for the net power required by the pump-
Felton wheel combination. 
The power required by the p~p will be greater than that 
supplied by the P€lton wheel, due to the fact that the 
mass flow rate of the carrier flui~-co2 mixt~~e is greater 
then that of the carrier fluid. Equation 3.11 is an indi-
cation of the net power that must be added to power the 
pump. 
J.4 Carbonate Cooler 
The carbonate cooler, is simply a heat exchanger that re-
covers some of the energy from the carrier fluid returning 
to the absorber from the regenerator. Most of the heat is 
removed from the carrier fluid by the regenerator heat ex-
changer. Ideally, the regenerated _ ~arrier fluid should 
leave the heat exchanger at the same temperature at which 
the carrier fluid - C02 mixture enters. However, ~ue to 
inefficiencies, the carrier fluid does not transfer all 
19 
its heat to the mixture and it leaves the heat exchanger 
at a slightly higher temperature than the entering mix-
ture. This -temperature is also slightly higher than the 
absorber temperature. To reduce the temperature, the 
carrier fluid is piped through the carbonate cooler, where 
it gives up heat to coo~ing ·water flowing through the 
device. In the binary cycle, this cooling water is sea 
water for desalination. 
The heat loss by the carrier fluid is the enthalpy dif-
ference times the mass flow rate. That is: 
= (3.12) 
Where Qcool = Heat lost in the carbonate cooler per 
unit time 
• Mass flow rate of the carrier fluid mcar = 
h7 = Enthalpy of the carrier fluid entering 
the carbonate cooler 
hg = Enthalpy of the carrier fluid leaving 
the carbonate cooler 
Assuming that (h
7 
- h8 ) can be approximated by cp(T7 - T8 ) 
(see Appendix A.l), where cp is the specific heat of the 
carrier fluid and T
7 
and T8 are the temperatures entering 
20 
and leaving the carbonate cooler, resp€ctively, Equation 
3.12 can be writtens 
= (3.13) 
This equation specifies the amount of heat lost by the 
· carbonate cooler. 
It is assumed, for the purpose of this study, that the 
temperature difference across the carbonate cooler is 
ten degrees. This implies that the regenerator heat 
exchanger transfers enough heat fro~ the returning car-
rier fluid to the carrier fluid-co2 mixture, to where 
the carrier fluid leaving is only ten degrees higher in 
temperature than the mixture entering. Current heat ex-
changer technology is adequate to produce a device with 
this performance. .. 
3.5 Turbine-Generator 
The electrical power generation in the co2 cycle is by a 
conventional turbine and generator. The rated output of 
the turbine is assumed constant at 1000 kilowatts. The 
inlet and outlet turbine temperatures are specified as 
is the outlet pressure. The inlet pressure is calculated 
by assuming isentropic flow through the turbine and using 
21 
the isentropic equations. Calculations are also performed 
to obtain the turbine work and the required co2 flow rate. 
The equations are derived as follows: 
The work of the turbine is the enthalpy dif'ference across 
it: 
= {) •. 14) 
Where = Work of the turbine per unit mass 
= Enthalpy at the point subscripted 
Assuming that C.o2 act.s ~as .an id.e~al .gas, and approximating 
the enthalpy difference by the specific heat times the 
corresponding temperature difference (see Appendix A.2): 
' 
= (3.15) 
Substituting Equation 3.15 into Equation ).14: 
= ().16) 






Mass flow rate of the co2 
Power generated (1000 kw) 
Rearranging Equation 3.17: 
= (J.18) 
Equations ).16 and 3.18 specify the reqYired co2 mass flow 
rate necessary to generate the specified power output at 
the given inlet and exit temperatures. 
Once the co2 mass flow rate is found, knowing the ratio of 
pounds of carrier fluid circulated per pound of co2 ab-
sorbed . (henceforth referred to as ratio), the mass flow 
rate of the carrier fluid can be found: 
(3.19) 
Where = Mass flow rate of the carrier fluid 
R = Ratio of pounds of carrier fluid cir-
culated per pound of Co2 absorbed 
The turbine inlet pressure is calculated by use of isen-
tropic relations across the turbine. The actual turbine 
work is given by Equation 3.16G To determine the isen-
2) 
tropic work, Equation 3.16 is divided hy the efficiency 




IsentrDpic turbine work p·er unit mass 
Turbine efficiency 
The isentropic turbine work can also be found by a relation 
similar to Equation ).16: 
= (3.21) 
Where = Temperature at exit to the turb1ne if 
isentropic expansion occurs 
Solving for T1 5 : 
:::: {).22) 
Once a value for isentropic turbine work is obtained from 
Equation 3.20, Equation 3.22 is used to determine the 
isentropic turbine outlet temperature. The relationship 
between temperature and pressure for an isentropic process 
is given bys 
24 
= (3.23) 
Where pl = Turbine exit pre.ssur-e 
p5 = Turbine inlet pressure 
]{ = Gas constant 
Solving for P5 s 
= (3.24) 
Equation 3.24 determines the inlet turbine pressure given 
the inlet temperature and the outlet temperature and pres-
sure. 
3.6 Regener~tor-Superheater 
The regenerator and superheater are actually two devices, 
but the heat used by each is calculated as one quantity. 
In the regenerator, the bulk of the co2 is liberated from 
the carrier fluid. It then goes to the superheater, where 
it is heated to the temperature at which it will enter the 
turbine. 
The regenerator and superheater are immediately preceeded 
by a heat exchanger. The heat exchanger transfers heat 
25 
from the hot, regenerated carrier fluid, from which the 
co2 has been liberated, to the cool incoming carrier fluid-
co2 mixture; --This heat is transferred within the cycle 
and is thus, neither a loss nor gain to the cycle (neglect-
ing inefficiencies), Its benefit is reflected in the fact 
that it preheats the mixture, causes a small amount of co2 
to be released and initiates the regeneration process, 
The heat required by the two devices can be calculated by 
writing a heat balance for the cycles 
Energy in = Energy out (3.2.5) 
The energy into the system is the net work of th~ pmnp-
Pelton wheel combination and the heat required by the 
regenerator-superheater. The energy out is the absorber 
heat loss, the carbonate cooler heat loss and the turbine 
power generated. Equation 3.25 becomes: 
wtot + Qrs = 
Where 
Solving for Qrs: 
= 





Equation 3.27 determines the amount o£ heat required by 
the regenerator-superheater since the quantities on the 
right side of the equation are known from previous cal-
culations. 
One assumption has to be made for the regenerator. 
Practically, the operating pressure of the regenerator is 
less than 39 psia. According to reference 5, the best 
pressure is subatmospheric at about 11.2 psia. In the 
co2 cycle, the carrier fluid-C02 mixture goes through the 
pump immediately before entering the regenerator and is 
elevated to a high pressure desired for entrance · to the 
turbine (1000-2000 psia). It is assumed that this high 
pressure does not adversely affect the regeneration of the 
carrier fluid. This assumption can be supported by the 
following reasonings 
Regeneration is basically a boiling process (there is also 
a chemical compound breakdown). The carrier fluid-co2 
mixture is raised to its boiling temperature for the pres-
sure at which the regenerator is maintained, and the co2 is 
boiled off, leaving the carrier fluid. If the pressure of 
the solution in the regenerator is approaching 2000 psia, 
then the solution must be heated to the cor responding 
27 
boiling temperature, for this pressure, to liberate the 
Co2 • The high pressure would, therefore, not seem to be 
a problem in that all that is neces.sary to release the co2 , 
is raise the temperature to the corresponding boiling 
temperature. However, further work is necessary to deter-
·mine if this temperature is low enough to be feasible with 
current boiler technology. 
A graph is produced in reference 5 of boiling temperature 
versus regenerator pressure for a 30% and a 40% original 
potassium carbonate solution (in other words, the percent-
age before the co2 is absorbed). This graph, however, 
only goes as high as 35 psia, much lower than the regen-
eration pressures proposed in this cycle. An extrapola-
, 
tion of the curves is done to determine the approximate 
boiling temperature for these pressures. This extrapola-
tion is shown in Figure 3.2. The curves presented in 
reference 5 are very similar to the temperature versus 
pressure curve for water. This is logical, in that the 
solutions are respectively 70% and 60% water, The curves 
are extrapolated on this basis. 
The turbine inlet pressure, which is the same as the 























































































































































































let temperatures, as calculated by · isentropic conditions, 
in Table 4,2 . on page 41. From the table, the highest 
pressure reached by the co2 cycle is less than 1400 psia. 
Returning .t .o Figure 3.2, this corresponds to a boiling 
temperature of less than 650°F (343.3°C). With respect 
· to current boiler technology, this is not a high tempera-
ture. From Figure 3.2, even if the pressur·e is as high 
as 2000 psia, the corresponding b·oiling temperature if:> 
only about 700°F (371.1°C). Regeneration temperatures 
necessary for the high pressure encountered in the co2 
cycle are, therefore, reasonable and feasible. 
With the high temperature necessary for boiling the 
solution at these high pressures, much of the heat re-
quired by the regenerator-superheater combination will 
be used by the regenerator in liberating the co2 • How-
ever, the co2 , in regeneration, will acquire heat and 
leave the regenerator at approximately the regenerator 
temperature. It will, therefore, be preheated when it 
~nters the superheater and less heat will be needed by 
the superheater to heat it to its final temperature for 
entrance to the turbine. 
30 
3.7 Cycle Efficiency 
The cycle effi-ciency is given by the relation: 




Total heat added to the cycle 
Net work in the cycl~ 
f1 = Cycle effie iency 
(3.28) 
The net work is given by the difference between the work 
input to the cycle and the work output of the cycle. The 
work output of the cycle is the work of the turbine, while 
the work input to the cycle is the net work required by 
the pump-Pel ton wheel c-ombination. The heat added to the 
cycle is the 'heat supplied to the regenerator and super-
heater. Equation 3.28 becomes: 
= (3.29) 
Equation ).29 determines the co2 cycle efficiency. 
Examining the quantities in Equation 3.27, the turbine 
work is assumed constant for the different conditions and 
different carrier fluids examined in this study. and the 
Jl 
net work required by the pump and Pelton wheel is very 
small (Table 4.2). Therefore, changes in the heat from 
the carbonate cooler and the absorber, to a large extent, 
will control the amount of heat added to the regenerator-
superheater and thus, the system. Examining Equation 3.29, 
.a change in the amount of heat added to the system will 
})ave an inverse effe·ct on the cycle efficiency. An in-
crease in the heat added will lower the eff.ic iency, while 
a decrease in the heat added will increase the efficienc·y. 
Since a change in the amount of heat added to the system 
is controlled by the change in heat from the carbonate 
cooler and the absorber, these two devices will be the 
dominant efficiency factors in considering different 
carrier fluids. In other words: 
1 (3.30) 
The efficiency discussed throughout this report is the 
efficiency of the co2 cycle and excludes the desalting 
process. No attempt is made in defining an overall power 
generation salt water distillation cycle efficiency. 
3.8 Discus sion 
For the four fluids investiga ted the specific volume of 
32 
the carrier fluid was assum·ed equal to the specific ~ol-
ume of the carrier fluid-C02 mixture. For potassium 
carbonate, which had the highest ratio of four.teen, this 
was a good assumption. The addition of one part of co2 
to fourteen parts of carbonate, will not change the 
specific volume by a significant amount. This can be 
· verified with data from references 5 and 6. 
The specific volume of a 24% solution of potass.ium car-
bonate at 6o;8°F (16°C) is .0130 ftJ/lbm; The specific 
volume of a 24% solution of potassium bicarbonate at 
60.8°F (16°C) is .0137 ft3/lb (potassium bicarbonate is m 
the result of potassium carbonate absorbing co2 ) .. The 
difference in the two is approximately 6%. The con-
centrations and temperatures in this comparison are not 
the same as the actual conditions encountered in the 
cycle due to the scarcity of data for the specific volu~e 
of potassium bicarbonate. The above concentration is the 
highest available and is for the temperature given. It is 
assumed that a similar result would be obtained at the 
desired temperature and concentration. Data was also 
available to compare sodium hydroxide and sodium bi-
carbonate (the result of sodium hydroxide absorbing co2 ) 
and a similar conclusion is reached about the specific 
_33 
volumes (this data was also at low conce-ntrations). It 
is assumed that the same conclusion is valid for all the 
carrier fl-uids. 
In the case of the fluids with a high heat of reaction and 
a low r~tio, this assumption, whether valid or not, is of 
· no consequence. With a low ratio, the carrier fluid-co2 
mixture mass flow rate is low and the pump work is small .. 
when compared with the other quantities in the system. 
Similarly, the_ energy recovered by the Pelton wheel is also 
small in comparison with the other quantities. These two 
quantities are the only ones that are functions of the 
carrier fluid and the carrier fluid-co2 mixture. While 
a change in the assumption that the specific volume of the 
carrier fluid is equal to the specific volume of the car-
rier fluid-C02 mixture could cause considerable change in 
the net energy required by the pump-Felton wheel com-
bination, the effect on the cycle efficiency would be 
negligible. 
The Carnot cycle efficiency is also calculated as a point 
of comparison. The Carnot efficiency is the maximum 
efficiency that could possibly be obtained from the cycle 
and is calculated as followss 
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7carnot = (J.Jl) 
Where 7c·~;;ot = Carnot efficiency 
Th = Highest temp·erature in the cycle in 
absolute units 
Tl = Lowest temperature in the cycle in 
absolute units 
The equations derived in this cha-pter are the -equations 
used in the computer program presented in Appendix B. 
Appropriate assumptions have been made to simplify the 
analysis. The results of the calculations, using the 
above equations and the appropriate data for each fluid, 




Four fluids are considered as possible carrier fluids for 
the C02 ; potassium carbonate, sodium hydroxide, lithium 
hydroxide and the ethan·olamines. These are some of the 
more popular and/or well studied carrier fluids in use 
in conventional absorption-regeneration systems. There 
are, however, other carrier fluids being used, 
The data for each fluid .is presented along with the source 
from which it came. The validity of some of the data is 
questionable, but in all cases, the most reasonable value 
for each specific piece of data was used. The data was 
assumed to have a constant value for all conditions of 
temperature and pressure. Most of the data, typically, 
the ratio, varies with temperature and pressure. It was 
assumed that this variation was insignificant. 
It should be noted, that the lowest turbine outlet temp-
erature for which results are obtained is 180°F (82.2°C). 
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Due to the fact that the turbine outlet temperature is 
equal to the absorber temperature and the sea water for 
desalination is heated by the absorber heat, assuming 
no losses, the sea water is heated to the same tempera-
ture as the turbine outlet. Temperatures less than 
180°F are not practical for sea water desalting. 
4.2 Potassium C.arbonate 
Potassium carbonate is one of the most popular and well 
studied carrier fluids being used in conventional absorp-
tion-regeneration processes. It has a good absorption 
capacity (low ratio) and requires relatively little heat 
for regeneration. 
The governing chemical reaction for absorption of co2 
by potassium c.arbonate is as follows' 
2KHCOJ ( 4.1) 
An aqueous solution of potassium carbonate combines with 
co
2 
in the absorber to form potassium bicarbonate. This 
fluid flows to the regenerator, where the co2 is separated 
from the potassiu.rn carbonate. The C02 proceeds to the 
superheater and the potassium carbonate returns to the 
absorber to absorb more C02 • 
37 
The data for potassium carbonate which was used in the 
thermodynamic analysis is given in Table 4.1. An abun-
dant supply o~· data was .available, however, several dif-
ferent values were obtained for each quantity from dif-
ferent -sources due to diff.erin~g a£sumptions and/or ex-
perimental conditions. Three values of ratio were 
' available. A value of 11 pounds of carrier fluid to 
pounds of co2 is obtained from theoretical · calculations, 
with data from the Critical Tables4 (see Appendix A.)). 
A value of 23 is obtained from experiment with absorption-
regeneration equipment5 ·and a value of 42 is obtained 
from data for hot carbonate used to scrub flue gases with 
low partial pressur.es of co25 The value of ratio used in 
the calculations was 14. Although 23 is the value ob-
tained from experiment, the fact that pure co2 is being 
absorbed should enhance the absorption characteristics 
(Section ).2) of the potassium carbonate. 
Two values of heat of reaction were available. The 
theoretical value of 77 BTU per pound, calculated with 
data from the Critical Tables4 (see Appendix A.4) and a 
value of 231 obtained from reference 5· The theoretical 
value of 77 BTU per pound is obtained using the heat of 
formation of wet co2 (C02 and water vapor). The 231 BTU 
38 
TABLE 4.1 
CARRIER FLUID DATA 
Carrier Heat of Ratio Specific . Specific 
Fluid Reaction Heat Volume 
.. . pounds of 
ftJ BTU carrier fluid BTU 
lbm pound of co2 lb lb J absorbed m m 
. -
K2co3 77 14 • 75 .0126 
. 
K2co3 157 14 • 75 .0126 -
K2co3 231 14 • 75 • 0126 
-
' 
NaOH 1146.85 .9091 ·9.3 • 0121 
LiOH 876.22 1.25 .96 • 01097 
RNH2 828.29 2.13 .90 
• 0146 
3'9 
per pound value is an experimental value obtained from 
experiments conducted with an absorption-regeneration 
system pilot plant. Both values of heat of reaction were 
used in the calculations as was a value of 157 BTU per 
pound. This last value is approximately midway between 
the other two values. Due to the wide discrepancy between 
the theoretical and.. practical values, 157 was ·used to ob-
tain a parameter range. The specific volume and speci£ic 
heat were obtained from reference 7. 
The results of the calculations for potassium carbonate 
are presented in Figure 4.1 and Table 4.2. The obvious 
advantage of a potassium carbonate cycle over the average 
Rankine cycle is the efficiency. Depending on the turbine 
outlet temperature and the value of the heat of reaction, 
the efficiency varies from 29% to 44%. Even in the worst 
case, the co2 cycle generates electricity at an efficiency 
only 1% less than the average conventional Rankine cycle 
(30%). At the same time, it is generating a substantial 
amount of fresh water. It should be noted, that the 
average conventional Rankine cycle usually includes at 
least one of several efficiency improv-ing methods now 
available. The calculations for the co2 cycle include 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































were considered (they normally increase the efficiency by 
several per cent), the co2 cycle efficiency would in all 
cases be better than the 30% efficiency of the average 
Rankine Cycle. (A Rankine cycle without these methods 
included is examined in Section 5,6), 
As stated previously, the lowest turbine outlet temperature 
considered in this report is 180°F. This is due to the 
fact that lower temperatures do not promote efficient 
operation of the d~salination process. Although the 
• 
effects are not discussed in this report, it is obvious 
that a lower turbine outlet temperature, disregarding the 
desalination plant, would improve the cycle efficiency. 
4.3 Ethanolamines 
4.3.1 Monoethanolamine 
Monoethanolamine is used in some conventional commercial 
processes for removing co2 (and other gases) from gas 
streams. It 8 s strong point for use is that it has a high 
absorption capacity (low ratio), It appeared that it might 
be a good alternative to the potassium carbonate due to 
this~ 
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The governing chemical reactions for the absorption 
proces·s are · as follows: 
Co2 + 2RNH2 + H2o (RHNH2 )2co3 (4.2) 
C02 + (RHNH2)2co3 + H2o 2RHNH2Hco3 ("4.3) 
Where R = -CH2-CH20H group 
HNH2 = Monoethanolamine 
(RHNH2 )2co3 = Carbonate 
• 
RHNH2HCQJ = Bicarbonate 
The process actually occurs in two steps, with carbonate 
being fcrmed first. A second reaction then takes place 
and the carb~nate combines with more co2 to form a bicarb-
onate. The bicarbonate leaves the absorber and is run 
through the · pump to the regenerator. The co2 is boiled 
off and monoethanolamine returns through the Pelton wheel 
and carbonate cooler to the absorber. 
The data for monoethanolamine, which was used in the 
thermodynamic analysis is given in Table 4.1. This data 
is used with a good deal of confidence in its validity. 
The heat of reaction and the ratio were taken from the same 
referenceS and both are based on calculations and studies 
of several workers. The value of the heat of reaction 
given requires that both reactions, given by Equations 
4.2 and 4,), occur. An equilibrium value of ratio is 
obtained from two graphs which are a function of temper-
ature, pressure, monoethanolamine concentration and 
normality. The value of the ratio for the exact condi-
~ions desired in this cycle could, therefore, be ob~ 
tained. The specific volume was obtained .from a standard 
reference4 and was chosen for a temperature of 176°F 
(80°C). The specific heat came from a report on mono-
ethanolamine5 • .. 
The efficiency of. the plant versus the absorber ~emperature 
is plotted in Figure 4.2. The monoethanolamine plant 
efficiency varies from 14 • .5% to 1.5.?%. This is a little 
less than one half the efficiency of conventional Rankine 
power cycles and about one third the efficiency calculated 
for the potassium carbonate. Obviously, monoethanolamine 
offers no advantage in efficiency over these two cycles. 
One advantage in using monoethanolamine is that the mass 
flow rate, as compared to the potassium carbonate, is much 
less. Due to its good absorption capacity, only about 

51 
one seventh as much monoethanolamine must be circulated to 
absorb the same amount of co2 , as the potassium carbonate. 
This benefits- ~he cycle in that less net pump work is 
r ·equired. From Equations 3.5 and 3.7, the pump and Pelton 
wheel work ·are · proportional t ·o the mass flow rates of the 
carrier fluid and the carrier fluid-C02 mixture. The 
lower the mass flow rate~ the less net work that must be 
done. 
A disadvantage of the monoethanolamine solution, other 
than the low efficiency, is the relatively high heat 
requirement for regeneration (Table 4.3). It takes ap-
proximately two and one half times as much heat to re-
• 
generate the monoethanolamine as the potassium carbonate. 
4.).2 Diethanolamine and Triethanolamine 
Diethanolamine and · triethanolamine are two members of the 
amine family . which are being studied as possible Co2 ab-
sorbers. No numerical results are presented due to the 
fact that not enough data was available for calculations. 
The heats of reaction 0 however, are available
9 and are 
respectively 653 BTU per pound and 6)0 BTU per pound, 
which is nearly as high as monoethanolamine, It can be 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































tion 3.7), that the power generation efficie·ncies would 
be low, although probably higher than that of monoethano-
lamine. They. are, however, not as ·effective· absorbers as 
monoethanolamine and have several drawbacks to them. 
-. 
Although exact figures were not available, it appears, 
from the literature, that the ratios of diethanolamine 
and triethanolamine are not as good as monoethanolamine 
and thus, more carrier fluid must be circulated to absorb 
the same amount of_ co2 , increasing the pump work. ·They 
are not as good absorbers of co2 as they are other gases, 
notably, hydrogen sulfide. Triethanolamine, especially, 
is used for selective absorption of hydrogen sulfide in 
the presence of large quantities of co2 • To absorb co2 , 
it is used in combination with other chemicals. Tri-
ethanolamine is .also unstable and is used in combination 
with sodium carbonate for low temperature absorption (40-
500F ) 1 ~. 
These two fluids do not look as favorable as potassium 
carbonate but due to lack of data, further study would 
be necessary to validate this conclusion. 
55 
4.4 Lithium Hydr.oxide 
Lithium hydrox~de has a heat of reaction approximately 
equal to that of monoethanolamine. However, it has a 
ratio of pounds of carrier fluid to pounds of co2 ab-
sorbed about half that of the monoethanolamine. This 
· implies that about half as much lithium hydroxide must 
be circulated to absorb the same amount of co2 • Due to 
the heat of reaction, it was expected that the ~fficiency 
would be about the same as that of monoethanolamine. 
However, it was expected that the pump work would be lower 
due to the low ratio and necessary mass flow. 
The governing chemical reactions for the absorption of co2 




The chemical reaction occurs in two steps, but it is the 
second step that is concerned with co2 absorption. The 
first step is concerned with the mixing of lithium 
hydroxide and water to form a solution. The two combine 
to form lithium hydroxide monohydrate, LiOH·H2o, which 
combines well with C02 • 
56 
The data used for . lithium hydruxide is presented in Table 
4.1. The value of the heat of reaction requires that both 
reactions, given by Equations 4.4 and 4.5 , occur. There-
fore, in the regenerator, the solution must completely 




. is piped to the superheater, while the lithium hydroxide 
and water recirculate to the absorber. There, they recom-
bine to produce the amount of heat given in Table 4.1. 
The validity of the data for lithium hydroxide is a ques-
tion. The absorption rate of co2 by lithium hydroxide 
and the heat of reaction are based on absorption of co2 
by a mixture of water and lithium hydroxide granules in a 
h b h h h . h co . ct11 c am er t roug w 1c 2 gas 1s passe • For the co2 
cycle, the carrier must be in a form that can be piped 
and pumped. The validity of applying the above data to 
a liquid form is questionable. Indeed, the idea that the 
mixture decomposes in the regenerator to LiOH and water, 
is also doubtful. It is assumed, however, for this 
process. that the above are applicable or that a fluid 
exists that has the approximate above characteristics 
and can be used in this cycle. In any case, lithium 
hydroxide could be considered as a fluid to verify the 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































specific volume and the specific heat were taken from 
reference 4 at -a temperature of 176°F (80°C), 
From Figure 4.2, .Lithium hydroxide has an efficiency 
approximately the same as monoethanolamine. This is 
expected since the heats of reaction are nearly equal. 
4.5 Sodium Hvdroxide 
Sodium hydroxide was considered as a carrier fluid chiefly 
due to its heat of re~ction, which is above that of the 
other three, It became apparent, that the heat of reac-
tion was the -o.ne factor which had the most control over 
the cycle efficiency. Calculations for sodium hydroxide 
were performed to verify this effect. 
The governing chemical reactions for the absorption of co2 







, is first formed, but it quickly 
combines with more water and co2 to form the bicarbonate, 
NaHco
3
• The bicarbonate is the fluid that leaves the 
60 
absorber and proceeds to the regenerator where the reac~ 
tions take place in reverse. 
The data used for sodium hydroxide is given in Table 4.1. 
It is more reliable than that of lithiw1 hydroxide but it 
is not as reliable as monoethanolamine. The heat of reac-
tion and the ratio were obtained from the same reference8 • 
However, while the ratio was given for s,Gdium hydroxide, 
the heat of reaction was .given for the general class of 
alkali hydroxides. It can, therefore, be used only as a 
rough estimate of the heat of reaction of sodium hydroxide. 
The ratio, on the other hand, while valid for sodium 
hydroxide exclusively, is a theoretical value based on the 
chemical reaction. Generally, the carrier fluid cannot 
absorb the amount of co2 calculated from theoretical con-
siderations. Therefore, the practical value of ratio would 
not be as low as the theoretical value. Recognizing that 
the theoretical value also does not take into account the 
temperature and pressur e effects, the practical value 
could be much different from that used in this study. The 
The specific heat and specific volume were taken from 
· references 4 and 7 at a temperature of 176°F (80°G) and 
can be assumed to be valid. 
61 
Examining Figure 4.2, sodium hydroxide has a power genera-
tion efficieney- lower than that of monoethanolamine and 
lithium hydroxide and substantially lower than potassium 
carbonate. Comparing the heats of reaction and the eff-
iciencies of all four fluids, as the heat of reaction 
increases, the pow€r generation efficiency decreases. 
Conversely, a lower heat of reaction is associated with 
a higher efficiency. This partially verifies Equation 
3.30. Equation 3.30 also says that the efficiency is in-
versely proportional to the heat release from the carbon-
ate cooler. However, due to the magnitudes of the quan-
tities and the relative changes between them, t -he heat of 
reaction has a greater effect on the efficiency than the 
heat release from the carbonate cooler, While the ratio 
' 
and nass flow rate are also important in determining the 
efficiency, knowledge of the heat of reaction will provide 
an estimate to the range of the efficiency before calcula-
tions are performed. 
4.6 Results 
Examining the graphs and tables for the carrier fluids, 
it is obvious that potassium carbonate affords the best 
efficiency. It also yields a better efficiency than the 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































These four fluids are not the only fluids that could be 
used in this cy-ele. There are many commercially avail-
able absorbents that could be used, with possibly better 
re·sults. Similarly, co2 is not the only gas that could 
be used in this cycle. Some other gas, or other combina-
tion of carrier fluid and gas, might produce better 
· eff ic ienc ies. 
In examing other carrier fluids, it is possible to obtain 
an idea about the performance by examining the data. The 
efficiency is inversely proportional to t _he heat of reac• 
tion which is the main factor in determining .its value. 
The ratio is proportional to the mass flow rate and is 
the main determining factor in the amount of pump work • 
... 
Generally, without performing calc.ulations, the best 
carrier fluids, efficiency-wise, will be those with a 
low heat of reaction and a high absorption capacity (low 
ratio). 
CHAPTER 5 
BINARY ASPECT FOR DESALINATION 
5.1 Introduction 
Coupled with the energy crisis is the incTea~sing rate at 
which pure water is being consumed. About 1100 billion 
gallons of water is available, per day, in the United 
12 States as runoff although the cost to catch all of it 
would be prohibitive. This is the ~heoretical upper 
limit of the water supply. In 1954, the demand amounted 
to about 300 billion gallons per day or about 27% of the 
available s~pply. By the year 2000, this demand is ex-
pected to be 900 billion gallons per day or about 82% of 
the available supply. By the year 2000, the water crisis 
could become more serious than the energy crisis. 
It is ironic, that there is an inexhaustible supply of 
water, readily available, that is unfit to drink. This 
is the oceans, which account for 97% of the worlds water. 
This water can be made fit to drink, however, by desalina-
tion, thereby taking some of the burden off the natural 
fresh water supply. 
65 
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The binary C02 cycle can be coupled with a desalination 
plant to proQuce fresh water, while maintaining a higher 
power generation efficiency than that of conventional 
Rankine cycles. The desalination plant makes use of the 
waste heat, generated by the absorber and carbonate 
cooler, to heat sea water for multistage flash distil-
~ 
'lation. The co2 cycle can generate power at high 
efficiencies, even with the high turbine outlet temp-
erature required to accomodate the desalination process. 
5.2 Desalting Techniques 
5.2.1 Introduction 
There a~e many desalting processes presently in use and 
several were studied to determine the best to combine 
with the co
2 
cycle. Only the cycles which utilize heat 
as the energy source were considered. A few of the most 
popular are presented here. 
5.2.2 Long Tube Vertical Distiilation 
Raw sea water falls through long metal tubes located 
inside a chamber filled with steam (Figure 5.1). The 
exchange of heat vaporizes some of the cold water in 
the pipe and at the same time condenses some of the 
)-














FIGURE 5.1 - Long Tube Vertical Distillation 
--
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steam on the outside of the pipe. This is the product _ 
water which is . collected and stored. The vaporized sea 
water in the pipe becomes the steam for the next stage 
(steam for the first stage is supplied from an outside 
source) which is maintained at a slightly lower pressure 
· allowing the steam to condense at a lower temperature. 
'The unvaporized sea water is piped to the next stag e 
where it falls through another bundle of tubes. This 
process is repeated in several stages. 
This is a very popular technique, and is presently used 
quite extensi~ely. It, however, is not as efficient as 
the multistage flash distillation plant and is not 
recommended that it be used in conjunction with the co2 
cycle. 
5.2.3 Vapor Compression Distillation 
Raw sea water is pumped into an evaporation chamber which 
initially, is heated by an outside source of heat {Figure 
5.2). Some of the sea water evaporates and is drawn off. 
The vapor is compressed by a pump, thus raising its temp-
erature. This hot steam, which is the product fresh 
water, is then cycled back to the evaporation chamber 













































































































































the sea water in the evaporation chamber. Enough heat 
is generated by the pump in compressing the vapor to 
heat the sea water. Thus once the cycle is established, 
the external source of heat may be removed. Thereafter, 
the energy supplied to the cycle must be in the form of 
pump work • 
. It is obvious that this process is not compatable with 
the co2 cycle. The heat supplied by the absorber and 
carbonate cooler could be used to start up the plant, 
but once in operation, pump work, rather than heat, is 
needed to keep the desalting process going. 
5.3 Multistage Flash Distillation 
The multistage flash distillation process is the most 
' developed and most widely used of the desalting processes. 
It can make use of the waste heat generated by the ab-
sorber and carbonate cooler and do it most efficiently. 
The process discussed here is shown in Figure 5.3. 
From the boiler, heated sea water enters the first of a 
series of "flash" chambers. The chamber is maintained 
at a pressure just below the equilibrium vapor pressure 
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In other words, the entering sea water is at a higher 
temperature than the boiling temperature for the pressure 
at which the chamber is maintained. Therefore, upon 
entering the chamber, some of the sea water is imme·di-
ately "flashed" or boiled into vapor, leaving the im-
purities behind in the liquid . (brine). This vapor is 
the salt free product water which condenses on cooling 
·Coils at the top of the chamber and is collected. The 
brine cools cown, due to the fact it is losing_ latent 
heat required by the vaporization, until the tempera-
ture drops below the boiling point and the flashing 
stops. The brine moves to another _chamber, where the 
temperature and pressure are lower, and the process 
begins again. 
The raw sea water entering the plant is used -as the coolant 
in the cooling co~ls. The vapor produced in each chamber 
condenses on the coil, giving up its latent heat to the 
sea water coolant, thereby preheating it before it arrives 
at the boiler, The coolant sea water enters the plant by 
way of the last stage and proceeds progressively through 
the plant, finally exiting through the first stage. In 
this way, it is progressively raised in temperature until 
at exit from the cooling coils, at the top of the first 
73 
stage, the preheated sea water is within 15-30 degrees 
of its final temperature at the boiler exit. The boiler 
heats it the la~t few degrees to the desired temperature. 
The multistage flash distillation process uses the heat 
added to the sea water more efficiently than the ~ther 
distillation processes because 90% of the heat acquired 
'by the sea water is ob~ained in the cooling coils by the 
colder sea water as it moves through each chamber. In 
other words, if one cycle is considered, 90% of the heat 
added in that cycle would be reused in heating up more 
sea water in the next cycle (through the cooling coils). 
Only 10'/o of the heat needed in a cycle would be "new" 
heat added by the boiler. This cannot be matched by 
any other d~stillation process. 
The multistage flash distillation process is the best 
process to use in conjunction with the co2 cycle. It can 
make use of the waste heat generated by the cycle and do 
it most efficiently. 
5.4 Thermodynamic Analysis 
If a single chamber is isolated (Figure 5.4), the equations 
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duced by flash distillation can be derived. The result 
of the following -development will verify an equation from 
reference 13 that was presented without d.erivation. 
When the liquid sea water flashes to vapor, it must give 
up its latent heat to the vapor. The total amount of 
heat acquired by the vapor, per unit time, is simply the 
latent heat times the rate of vapor production. That is: 
M). (5.1) 
Where Qa = Amount of heat transfered to the vapor 
per unit time 
M = Rate of vapor production 
~ ' = Latent heat 
The amount of heat lost by the liquid per unit time is 
the difference in the enthalpies before and after flashing 
times the mass flow rate of the brine. That is: 
(5.2) 
Where Ql == Amount of heat lost by the 
liquid per 
unit time 
c.u :::: Brine mass flow rate 




The total amount of heat transfered for all the stages is 




LQ = . 1 a. 
l= l 




The subscripts denote the different stages and n is the 
number of stages. 
~ can be factored out of the right side of Equation 5.3 
and the vapor produced for each stage added to get the 
' total amount of vapor (fresh water) produced: 
n 
L":Q = 
. 1 a. 
1= l 
M 11\ + M 2 )\ + • • • + Mn ~ = (5.5) 
Where = Total amount of fresh water produced 
The amount of vapor flashed in a stage is small compared 
with the amount of sea water being circulated and it can 
be assumed that the amount of sea water circulated in each 
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••• ~ w = w n (5.6) 
Where w will now be the amount of sea water circulated. · 
In practice, ·w. ~ 9w 12 n • 1 • 
. The total enthalpy d ifferenc·e is the sum of the en·thalpy 
differences for the individual stages, Neglecting l~sses, 
the enthalpy of the sea water leaving one stage is equal 
to the enthalpy of the sea water entering the next ~tage. 
The total enthalpy difference across all the stages, 
therefore, is simply the difference in enthalpies of the 
sea water entering the first stage and the sea water 
leaving the last stage. As an illustration, consider 
' 
Figure _5.5 and assume the plant consists of only two 
-
stages, stage 1 and stage n. From Equation 5.4, 
n 
L:Q . 1 1. 
1= 1 
From Figure 5.5: 
= .Dh = n 
(5.7) 
(5.8) 





Where Ahl,n = Total enthalpy difference across both 
stages 
h6 = Enthalpy of sea water leaving last stage 
h4 = Enthalpy of sea water entering first 
stage 




LQ . 1 1. 1= 1 
(5.11) 
Total enthalpy difference . across all n 
.. stages or the enthalpy at exit from 
the last stage minus the enthalpy at 
entrance to the first stage 
Examining the whole cycle (Figure 5.6), a heat balance can 
be derived to determine the amount of fresh water produced. 
The temperatures shown in Figure 5,6 are typical of con-
ventional multistage flash distillation plants and will be 
used as the basis for this analysis. 
80 
For a heat balance, the sea water is considered a system, 
and the heat acquired by the sea water going into the plant 
must equal the heat lost by the sea water coming out of the 
plant. The heat acquired by the sea water is the heat 
picked up in the cooling coils in each stage, Qa' gi~en 
by Equation 5.1, and the heat acquired in the boiler, Q • 
r 
The heat lost by the sea water is the ~nthalpy difference 
of the sea water across each stage given by Q1 and Equation 
5.2. For the process to be considered a complete cycle 
for which a heat balance can be written, the sea water 
must leave the plant at the same condition (i.e. temper-
ature) at which it entered. As in Figure 5.6, the exit 
temperature is typically 20° higher than the entrance temp-
erature. Since this energy at the exit is never used by 
the cycle (i.e. ~he temperature is not dropped to 60°F as 
at the entrance), it must be considered a loss and added 
to Q
1
• The loss can be accounted for by the enthalpy 
difference of sea water at 80°F and 60°F. In other wordss 
(5.12) 
Where = Heat loss due to unused energy at the 
exit 




Enthalpy of sea water at 80°F 
Enthalpy of sea water at 60°F 
A cyclic process ~s thereby obtained and an energy balance 
can be written ass 
·Where 
= (5.13) 
.Qr = Heat from the co2 cycle used for heating 
the sea water 
Su9stituting Equations 5.5, 5.11 and 5.12 into Equation 
5.13 for Qa' Q1 and Q1 : e 
Ahtot and h80 - h60 can be approximated by cPAT {See 
Appendix A.1), where cp .is the specific heat at constant 
pressure and T is the temperature difference. Thereforec 
= (5.15) 
Where = Temperature difference between entrance 





Substituting Equations 5.15 and 5.16 into Equation 5.14 
and recognizing that by Equation 5.6, w = w: e 
= <5.17) 
Equation 5.17 can be used to find the amount of fresh 
water, Mtot' produced by a conventional multistage flash 
distillation plant. 
Close examination of Equation 5.17 r~veals, however, there 
is a second unknown, other than Mtot• The specific heat 
and latent heat of vaporization are known const~nts and 
the temperature difference across the stages is specified. 
Qr is a fix~d quantity of heat generated by the exother-
mic reaction in the co2 cycle, plus the heat released by 
the carbonate cooler, and is thus a known value. The sea 
water circulation, w, however, is generally unknown and 
cannot be specified. A second equation must be derived 
to allow a solution to Equation 5.17. 
For a boiler, where 6P = W = o,· the following relation 
is obtained {See Appendix A.S): 
(5.18) 
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Where m = Mass flow rate of the liquid in the 
-
boiler 
Ah = Enthalpy change of the liquid passing 
through the boiler 
Q = Heat added to the boiler 
-
'As before, ~~ can be approxlm· ated 1 by Cp6T, therefores 
(5.19) 
Applying this relation to the boiler in the multistage 
flash distillation plant: 
= (5.20) 
Where = Temperature difference across the boiler 
Rearranging Equation 5.20: 
w = ( 5. 21 ) 
Equation 5.21 can be used to determine the mass flow rate 
of sea water that must be circulated to generate the 
amount of fresh water given by Equation 5.17. Equation 
5.21 can be substituted into Equation 5.17 to yield one 




Mtot~ + Qr = (5.22) 
Combining terms and solving for Mtot' 
= 1) 
Using Figure 5.6, however, a simpler equation can be 
found to determine the amount of fresh water produced. 
Neglecting losses, the heat lost by the liquid sea water 
has to equal the heat gained by the vapor. In other words: 
= (5.24) 
For n stagess 
n n 
LQ = . 1 a. 1= l 
LQ 
. 1 1 . l= l 
(5.25) 
Substituting Equations 5.5 and 5.11 into Equation 5.25 
and using Ah = cp~T: 
(5.26) 
Equation 5o26 can be used in place of Equation 5.17 to 






















































































































































·w is an unknown and must be soly-ed for by the use of 
Equation 5.21. If Equation 5.21 is substituted i~to 
Equation 5.26, a __ v_ery simple relation for the amount of 
fresh water produced results: 
'solving for Mtot' 
= (5.28) 
Equation 5.28 (in the form of Equation 5.26) verifies the 
equation presented in reference 13. 
An interesting design point is made apparent by manipu-
lation of Equations 5.17 and 5.26. Subtract-ing the equal 
quantities of Equation 5.26 from each side of Equatipn 5.17: 
- ~ = we 20 · p (5.29) 
Equation 5.29 implies that the heat added to the boiler, 
from the co2 cycle, is equal to the heat lost at the end 
of the desalination cycle. 
Neglecting losses the heat, Qr, added to the boiler will 
87 
be realized by the enthalpy change of the sea water pass-





Sea water circulation through the boiler 
Enthalpy change of the sea water in pass-
ing through the boiler 
As before, Ah can be approximated by cpAT or in this case, 
cp~Tb: 
= 
Substituting Equation 5.31 into Equation 5.29: 
= we 20 p 
It was assumed that the sea water circulation would 
(5.31) 
(5.32) 
remain· approximately the same throughout the cycle, there-
fore: 
= (5.33) 
The specific heat of sea water is also assumed to remain 
constant. Dividing both sides of Equation 5.32 by wcps 
88 
= 20 (5.34) 
In more general __ t~rms, the temperature difference across 
the boiler is the same as the temperature difference of 
the sea water entering the first stage, going into the 
plant as cooling water, and leaving the last stage, coming 
out of the plant as brine. · This occurs in practice14 • 
·However, there might be a slight difference in values due 
to losses or other considerations not mentioned here. 
Equation 5.23 is a more general equation than Equation 
5.28. Equation 5.28 involves the assumption that there 
are no losses and the acquired heat of the flash vapor is 
equal to the entha lpy difference of the circulating sea 
water. This, in turn, requires that the boiler tempera-
ture difference must equal the temperature difference of 
the rejected brine and the input raw sea water. Equation 
5.28, however, does not involve this assumption and thus, 
the boiler temperat~re difference does not depend on the 
temperatures of the exit brine or the raw inlet sea water. 
Depending on the efficiency of the heat transfer between 
the sea water and the flash vapor, the boiler temperature 
difference can vary substantially. Ideally, Equation 5.28 
is d-esired. (Equation 5.28 can be obtained from Equation 
89 
It should be noted, that the absorber and carbonate 
cooler control the boiler exit temperature. It is 
assumed that the heat generated in the absorber and the 
carbonate cooler is at the same temperature as the fluid 
in the two devices. Since the boil~r acquires its heat 
from these two devices, assuming no 1-oss·e .. s, the boiler 
exit temperature will be the same as the absorber and 
carbonate cooler temperatures. 
It should also be noted that Equations 5.23 and 5.28 are 
derived under steady state operating conditions . and would 
not be valid at plant startup. However, multistage flash 
distillation plants are run continuously (except for in-
frequent periodic maintenance) and the important condi-
tion for which the amount of water production is desired 
is the steady state operating condition. 
Finally, it should be unde~stood that the process and cal-
culations made here are a very simplified representation 
of the actual process. In actuality, there are many dif-
ferent water circulations and heat transfers taking place, 
although their effects are small. There is, however, one 
90 
water circulation not considered in this analysis, that is 
present in the a.·c-tual process, which could have a signif-
icant effect on the fresh water production. In the actual 
process, 10% of the sea water is converted to fresh water 
in one cycle. Another 10% is removed after the last stage 
to control the salinity of the brine. Eighty per cent of 
the brine, however, is recirculated through the cycle with 
enough raw sea water added to make up for the amount lost. 
The recirculated brine is at a higher temperature than the 
raw sea water and consequently, when the two combine the 
final temperature is somewhat higher then the assumed 60°F 
raw sea water input. Therefore, the heat that would have 
completely been used in heating raw input sea water, in-
stead, heats only. 20% of that amount due to the recircula-
tion and thus, has heat left over that can be used in 
·-
heating additional raw sea water. This increases the 
amount of sea water heated per unit of heat and thus in-
creases the performance ratio {pounds of distillate pro-
duced per 1000 BTU of heat input) and the fresh water 
output. While this could have an effect of several hun-
dred gallons of fresh water produced (for the size plant 
considered here), the per cent of the total is small. 
From a practical standpoint enough water is produced to 
justify the effort. 
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5.5 Results of the Analysis 
, 
The results of the analysis of the amount of fresh water 
produced are presented in Figures 5.7 and 5.8. Much 
more water is produced when using monoethanolamine, 
sodium hydroxide or lithium hydroxide as the carrier 
fluid than when using potassium carbonate. This can be 
,explained by an analysis of the equations. 
From Equation 5.28, the amount of fresh water produced is 
directly proportion~l to the heat released to the sea 
water in the boiler, Q • This heat is supplied by the 
r 
heat released from the absorber and the carbonate cooler. 
While the carbonate cooler p~ays a part in the amount -of 
heat available for desalting, as is similar to the case 
for the efficiency, the heat of reaction, generally, 
plays a more important role in the amount of heat released. 
The amount of fresh water produced is thus largely a func-
tion of the heat of reaction of the carrier fluid. This 
is verified by comparing the heats of reaction of each 
fluid with Figures 5.7 and 5.8. The highest heat of 
reaction is the one for sodium hydroxide and it likewise 
produces the most fresh water. The_ lowest ~eat of reaction 
in the 77 BTU per pound potassium carbonate, which also 




































































































































































































































































The results presented verify the fact stated ·earlier that 
the amount of sea water leaving the last stage of the de-
--
salination plant is approximately equal to nine-tenths of 
the amount entering the first stage. As stated earliera 
(5.35) 
· It is obvious that the mass of water lost by the sea water 
is the converted prod~ct or fresh water. Ther~fore, the 
amount of fresh water produced should be approximately 
one-tenth of the sea water circulated. A comparison of 
the values of the fresh water produced and the sea water 
circulated presented in Tables 5.1-5.4 verify Equation 
5.35 fairly well. The fact that the results verify the 
equation, also implies that the results obtained agree 
fairly well with practical values. Although the absolute 
quantities could be much different from practical values, 
the fact that the ratios are approximately the same in-
dicates that the values are at least a good approximation 
and that the equations derived are valid. 
5.6 Rankine Cycle Comparison 
In order to compare the binary aspects of the co2 cycle 
and conventional power cycles, an analysis was carried 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































produced from a comparable binary Rankine cycle power 
generation and sea water desalting plant. As in the co
2 
cycle, the desalting plant is a multistage flash distil-
lation type • 
. A conventional method of obtaining heat from an elec-
trical power generating plant to desalt sea water is 
illustrated in Figure 5.9. The process is exaqtly the 
same as the Rankine cycle except, some of the steam is 
ex~cted from the turbine at a convenient point and is 
·~sed to heat sea water for desalination. The desalting 
plant replaces the condenser on this line and uses the 
heat rejected by the steam as it expands. It does the 
same job as the condenser, giving off latent heat gener-
ated by the steam in changing from vapor to liquid. The 
steam comes into the desalting plant at a higher tempera• 
ture than it does to the condenser, but leaves both 
devices at the same conditions. There£ore, the desalting 
plant gives off more heat at a higher temperature which is 
necessary to heat sea water. The steam not extracted at 
this point continues expanding through the turbine and is 
finally passed to a conventional condenser. The two 
streams are rejoined and piped to the boiler where the 


















































































It should be noted, that for this particular setup, · the 
possibility of operating at either one of two extremes 
exists (Figure 5.10). The first extreme, which will be 
called case 1, is to allow all the steam to expand in the 
turbine and piping it to the condenser, producing no 
fresh water and maximum electricity. The second e.xtreme, 
which will be called case 2, is to allow all the steam 
leaving the turbine to go through the desalting plant 
producing the maximum amount of fresh water and less 
electricity. This steam is at a higher temperature than 
that in an ordinary Rankine cycle condenser, to provide 
heat for desalination. 
The third case, in which only part of thB steam is divert-
ed to the desalting plant, will not be examined due to the 
many different combinations of mass flows and turbine mid-
stream and outlet temperatures possible. It can be shown, 
also, that it is not necessary to examine this case. 
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Where Qcond = Heat given off by the condenser 
• Mass flow rate of the mH 0 .:::r-· steam 
2 
wt = Work of the turbine per unit mass 
wP = Work of the pump per unit time 
7r = Rankine cycle efficiency · 
fThe fresh water production is given by Equation 5.28 
which says the amount of water produced is directly 
proportional to the heat applied. 
From Equation 5.36, it is obvious that the maximum eff-
iciency occurs for maximum turbine work and minimum con-
denser heat loss. This corresponds to case 1 where the 
steam give~ · up most of its energy in the turbine and lit-
tle in the condenser. This is also the case of minimum 
fresh water production, due to the fact that the turbine 
exit temperature is too low to heat sea water to a suf-
ficiently high temperature. The minimum efficiency oc-
curs for minimum turbine work and maximum condenser heat 
loss. This is the condition of case· 2 where the steam 
exits from the turbine at a high temperature and enters 
directly into the desalting plant. The high temperature 
minimizes the turbine work and maximizes the heat released 
in the desalting plant (which acts as the condenser in 
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this case). This, thereby, maximizes the amount of fresh 
water produced~ - -
From the above, any condition between case 1 and case 2 
(i.e. case 3), would be a compromise between maximum eff-
iciency and maximum fresh water output. This will be made 
.clearer with a numerical example below. 
It should also be noted that when steam is mentioned in 
reference to the desalting plant, it is used solely in 
the desalting plant boiler to heat the sea water. Once 
losing its heat; it is recirculated through the Rankine 
cycle and does not become a part of the distillation 
cycle. 
The comparison is based on maintaining an equal power 
output in the co2 and Rankine cycles, with the same 
turbine inlet temperatures, The operating conditions 
for the Rankine cycle are shown in Table 5.5. The turbine 
inlet temperature and the power output are the same as for 
the co
2 
cycle and both conditions are kept constant. The 
condenser exit conditions (or the desalting plant exit 
conditions, depending on which case is being considered) 
are kept constant at 100°F saturated liquid (typical for 
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TABLE 5.5 
· RANKINE CYCLE CONDITIONS 
Without Desalting 
Turbine Inlet 1000°F 1870 psia 
Turbine Exit 100°F saturated vapor 
Condenser Exit 1 oo 0·F saturated liquid 
.... 
Pump Exit 100°F 1870 psia 
Boiler Exit 1 000°F 1870 psia 
With Desalting 
Turbine Inlet 1000°F 1870 psia 
Turbine Exit 110- 270°F saturated vapor 
Desalting Plant Exit 100°F saturated liquid 
I 
Pump Exit 100°F 1870 psia 
Boiler Exit 1000°F 1870 psia 
107 
conventional cycles). If the above conditions are speci-
fied, the turbine outlet will control the values of the 
other parameters in the system, including the efficiency. 
The turbine outlet temperature· is varied over a range of 
temperatures, while the above parameters remain constant, 
to determine the effect on the efficiency and fresh water 
. . 
,production, The results are presented in Table 5.6 and 
Figures 5.11 and 5.12. 
The first column in Table 5.6 is case 1 in which no fresh 
wate-r is produced, This is the case of maximum power gen-
eration efficiency. All the steam is used in the turbine 
to geneTate power. The maximum efficiency that . could be 
. .. 
expected out of this cycle, therefore, is 25.4%. This is 
lower than the average rankine cycle plant, but this 
cycle does not include regeneration, reheat, an economiz-
er or any other efficiency improving methods used in 
conventional plants. The co2 cycle examined in this re-
port, however, also does not include them. 
T.he rest of the data show results for case 2. The distil-
, 
lation plant replaces the condenser and all the steam from 
the turbine is used to heat sea water for desalination. 
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or less heat for desalination and the effect on the eff-
iciency and fresh water production are calculated. As 
mentioned earlier, turbine outlet temperatures below 
180°F (82.2°C) are not feasible for desalination. The 
data is presented, however, as the result of the cal-
. cula tions. 
If a comparison is made between the binary Rankine cycle 
and the binary co2 cycle, using potassium carbonate as the 
carrier fluid, the advantages of the latter are obvious. 
For example, from Figures 4.1 and 5.7, for the co2 cycle 
to produce 40,000 gallons of fresh water per day, depend-
ing on whether the heat of reaction of 77, 157 or 231 BTU 
per pound is valid, the absorbe-r temperatures (turbine out-
let temperature) must be respectively 730, 680 or 654 deg-
rees Rankine, producing the respective cycle efficiencies 
of 42.75%, )4.8% and 29.?%. From Figures 5.11 and 5.12, 
for the Rankine cycle to produce 40,000 gallons of fresh 
water per day, the turbine outlet temperature must be 610 
degrees Rankine, producing a cycle efficiency of 23.9%. 
Although the turbine outlet temperatures must be higher, 
the co
2 
cycle has a higher efficiency than the Rankine 
cycle when producing the same amount of fresh water. 
114 
It can be seen now why case 3 need not be considered, 
The binary Rankine cycle operates at 23.9% ·efficiency to 
produce 40,000 gallons of water per day. If case 3 were 
considered, some of the steam would be allowed to expand 
completely through the turbine, increasing the efficiency, 
and allowing less of the steam to go to the desalting 
plant, lowering the amount of fresh water produced, This 
is the same result that would occur if the turbine outlet 
temperature were lowered. No matter how the parameters 
are varied, however, the maximum efficiency that could 
possibly be generated by the Rankine cycle is 25.4%. The 
C02 cycle operates at better efficiencies and at the same 
time, produces a substantial amount of fresh water. 
The Rankine cycle does fair better when compared with the 
other carrier fluids. A comparison is made against the 
highest efficiency producing carrier fluid of the other 
three, monoethanolamine. To produce 140,000 gallons of 
fresh water per day, monoethanolamine must have a turbine 
outlet temperature of 690 degrees Rankine, producing an 
efficiency of 15%. To produce the same amount of water, 
the Rankine cycle must have a turbine outlet temperature 
of 730 degrees Rankine, which produces an efficiency of 
20.8%. The Rankine cycle efficiency is almost 6% better 
1l5 
than that of monoethanolamine for the same fresh water 
output. Comparing Figures 4.2 and 5.8, similar results 




The co2 cycle offers two main advantages over the conven-
tional power generating cy~les. It can produce power at 
efficiencies well above those of conventional power 
plants and at the same time produce fresh water. The 
results of this study verify the fact that the cycle 
warrants further study. The Rankine cycle has undergone 
extensive study over the past few years and it is doubt-
ful that any significant increase in efficiency · can be 
obtained. If the same amount of study were accorded the 
co2 cycle, which in certain cases has an efficiency of 
44%, and with the inclusion of efficiency improving 
'• 
methods such as reheat and regeneration which improve 
the efficiency by several per cent~5, it is conceivable 
that the co2 cycle could approach efficiencies of 50%. 
This number would be extremely difficult to reach in the 
case of the Rankine cycle. 
The increased power generation efficiency is desirable in 
any part of the world, but the plant would be especially 
117 
useful in arid areas where fresh water is scarce but salt 
water is abundant. The plant would generate electrical 
power for the community and at the same time produce 
fresh water to - s~pplement the available scarce supply. 
Specific recommendations for further study are: 
-
1. Experimental investigation i~to the temperature-
pressure characteristics of the regeneration process, 
2, Experimental investigation into the absorption 
characteristics of the carrier fluids at low pressure. 
3. Pilot plant studies to verify cycle efficiencies. 
4. Investigate waste heat utilization for other than 
desalination such as low - temperature refrigeration. 
5. Economic analysis of t~e co2 cycle for comparison 
against conventional Rankine power cycles. 
6. Investigation into the chemical kinetics which take 
place in the absorber and regenerator. · 
7. Investigate the efficiency enhancement techniques 
such as regeneration, reheat, and economizer processeso 
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APPENDIX A 
A .1 Justification of Ah = .cPAT for water and the carrier 
fluids. 
The justification is best presented by examining the steam 
tables, The enthalpies for saturated liquid water, at 
var~ous temperatures, are given in Table A.l. Since the 
cp for water is approximately one, the approxlination for 
Ah reduces to (keeping in mind the units): 
Ah = AT (A .1) 
Table A.1 verifies Equation A.l very well. A ten degree 
temperature change corresponds very closely to a ten BTU 
per pound enthalpy change. 
This same assumption can be made for any of the carrier 
fluids. This assumption is usually good for most liquids 
(at certain conditions) and it is assumed to apply for 
these fluids. · 
A.2 Derivation of ~h = c AT for a perfect gas. p 
The equation of state of a per~ect gas is given bys 
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TABLE A.1 
STEAM TABLE EXERPT 
. 
Temperature Saturation Enthalpy 
Pressure 
(oF) ( ps ia) (BTU/lbm) 
-
60 .2563 28.06 
70 .3631 38.04 
80 .5069 48.02 
90 .6982 . 57.99 
100 .9492 6?.97 
110 1.2748 7?.94 
120 1.6924 87.92 
' 
130 2.2225 97.90 
140 2.8886 107.89 
150 3.718 117.89 
160 4.?41 127.89 
170 5·992 137.90 
180 7.510 147.92 
190 9·339 157.95 
200 11.526 167.99 
210 14.123 178.05 
212 14.696 180.07 
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Pv = JRT (A.2) 
Where p = Pressure 
v = - -s-pecific volume 
lR = Gas constant 
T = Temperature 
It is also given, that for a perfect gas, the internal 
energy is a function of temperature only: 
u = u( T) (A.J) 
Where u = Internal energy 
From the definition of enthalpy: 
h = u + Pv (A.4) 
Substituting for Pv from Equation A.2: 
h = u + JRT (A,)} 
Since u is a function of temperature· only and JR is a 
constant, h is a function of temperature only. The 
relation between the enthalpy and temperature can be found 




Since his a function of temperature .only and is not a 
function of pressures 
cp 
dh = dT (A.?) 
Rearranging: 
dh = cpdT (A.B) 
Integrating between two arbitrary points: 
Ah = CPAT (A.9) 
The enthalpy difference between two points is equal to 
the specific heat at constant pressure times the tempera-
ture change between these two points. 
A.3 Theoretical calculation of ratio for potassium 
carbonate. 
The derivation is based on the chemical reaction given by 
Equation 4.1: 
K2co3 + H20 + Co2 




Directly underneath each compound is the molecular weight. 
If it is assumed that one pound mole of each compound 
122 
(two pound moles of KHco
3
) is present, the molecular 
weight then becDmes the number of pounds. 
. . 
For practical ·c-onsiderations, Equation 4.1 must be altered. 
In the Co2 cycle, the KHco3 
is circulated in a solution 
of water. The reaction thus becomes: 
K2co3 + x( H2o) + C02 ::;:=::: 
2KHCOJ + (x - 1)H20 (A.10) 
The value of x is determined by solubility considerations. 
The solubility of KHco3 at .approximately the temperatures 
encountered in the co2 cycle is about 41 pounds of KHco3 
per 100 pounds of solution. Therefore: 
41 pounds KHCOJ = 
100 pounds solution 
(A.11) 
x = 288.8 pounds H2o 
Since there are 18 pounds of H2o per pound mole, x in 
terms of moles iss 
X = 288.8 pounds HzO 18 pounds H20/mole 
(A.12) 
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x = 16 moles 
Equation A.lO b~~omes: 
(A.13) 
.. 
The ratio of pounds of carrier fluid (K2co3 
+ H2o) to 
pounds of co2 is: 
R = 1~8 Eounds KfrCO) + 16X18 4 pounds co
2 
~ounds HzO (A.14) 
R 10 Eounds carrier fluid = pound C02 
A.4 Theoretical calculation of heat of reaction for 
potassium carbonate. 
The heat of reaction is determined from the chemical 
reaction by the heat of formation of the products minus 
the heat of formation of the reactants. In other words: 
2KHCOJ (A.15) 
Where AH = Heat of reaction 
Using heats of formation from the tables a 
2(945) = 1181 + 286.2 + 414.9 + AH (A.16) 
The units are kilojoules per gram formula weight. 
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Solving for .AH: 
A H :=. __ ? • 9 k i 1 o j o u le s gram formula weight 
Changing unitss 
AH = 7 9 JsL X • 95 BkTJ.u X ~4 gfw • gfw d CO poun 2 
AH = 77 BTU pound co2 
A.5 Derivation of Equation 5.18. 
The energy change across a boiler can be derived by 
application of the First Law of Thermodynamics: 
Ae = q-w 
Where Ae = Change in energy of the system 
q = Heat transfer to the system 
w = Work done by the system 
There is no work done by the boiler so Equation A.l? 
becomes a 
l::le = q (A.18) 
The energy change is given by the change in internal 
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energy, kinetic energy, potential energy and flow energy. 
These quantities are given by: 





Internal Energy = u 
2 
Kinetic Energy ¥ = 2-g c 
Potential Energy = z 
Flow Energy = pv 
Gravitational corrstan·t 
Velocity of the fluid 











1 --+z +pv 2gc o o o (A.23) 
Where the subscript i denotes the boiler inlet and o the 
boiler exit. 
The kinetic energy change due to change in velocity is 
zero and it is assumed that there is no change in eleva-
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tion. The quantity u + pv is defined as the specific 
enthalpy. Eq.ua.tion A.2J thus reduces toe 
q ::: h - h. 
0 l 
(A.24) 
Equation A.24 describes the amount of heat added to the 
boiler in terms of the enthalpy difference of the exit 
and inlet streams. To obtain the amount ·Of heat ad~ed per 
unit time, Equation A.24 is multiplied by the mass flow 
rate of the fluid: 
Q = ·mAh (A.25) 
Where Q = Heat added to the boiler per unit time 
m = Mass flow rate of the fluid 
Ah' = h - h. 0 l 
Equation A.25 assumes that the boiler efficiency is 100%. 
A.6 Derivation of Equation 5.36. 
The efficiency for any cycle is given by Equation ).28& 
= ().28) 
The net work for the Rankine cycle (Figur-e A.l) is the 
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wnet 
• - w (A,26) = wtmH 0 
2 p 
Where wnet = Net work per unit time 
wt = Turbine work per unit mass 
IflH 0 = Steam mass flow rate 
2 
wP = Work o£ the pump per unit time 
The heat added to the system is the heat added ·to the 
boiler, Qrank' An equation for Qrank can be determined 
by writing a heat balance for the cycle: 
Q . +W = wm +Q rank· p t H
2
o cond (A.27) 
Where Qcond = Heat lost by the condenser per unit time 
Solving for Qrank: 
= (A.28) 
Substituting Equations A.26 and A.28 into Equation 3.28, 




The computer program was written to aid in the calculations 
and to make it possible to look at a wide ~ange of differ-













DO 5 .. JJ=l, 10 
IF (K .GE. 5) GO TO 310 
C CYCLE IS THE GAS THROUGH THE TURBINE, FLUID 
C IS THE CARRIER LIQUID 
READ(5,51) CYCLE,F,L,UID 
51 FORMAT(A3,3A4) 
310 WRITE(6,52) CYCLE 
52 FORMAT( '1', 'THE FOLLOWING IS FOR A ',A),' 
!CYCLE') 
1)0 
C ALL TEMPERATURES AND PRESSURES ARE IN ABSOLUTE 
C UNITS, TIN IS THE TURBINE INLET TEMPERATURE, 
C TOUT IS THE .TURBINE OUTLET TEMPERATURE, PIN 
C .IS -ALLOWED TO FLOAT, POUT IS ·THE TURBINE 
C OUTLET PRESSURE, CP IS THE SPECIFIC HEAT OF 
C THE GAS THROUGH THE TURBINE, R IS THE GAS 
C CONSTANT, EFF IS THE TURBINE ISENTROPIC 
C EFFICIENCY, AND P IS THE DESIRED OUTPUT FROM 
C THE TURBINE 
IF (K .GE. 5) GO TO 325 
7 READ( 5,100) TIN, TOUT, P.OUT ,G'P, R, EFF, P 
100 FOm1AT(7F10.3) 




TOUTS=-(WTS/CP) + TIN 
10 PIN~POUT/(TOUTS/TIN)**(CP/R) 
11 WRITE(6,101) TIN,PIN 
10~ FORMAT(31HOTHE INLET CONDITIONS ARE,T(R}=, 
1FlO.J,9H P(PSIA)=,F10.3) 
WRITE(6,997)TOUT,POUT 





102 FORMAT('O','THE TURBINE OUTPUT IS'F15.3, 
l'BTU/HR =',FlO.J,' KW') 
WRITE(6,103)XCOTO 
103 FORMAT{'O','THE REQUIRED MASS FLOW RATE IS', 
1FlO.J,' LBM/HR') 
1Ji 
C TABS IS THE ABSORBER TEMPERATURE IN DEGREES 
C RANKINE, HT IS THE HEAT OF REACTION IN THE 
C ABSORBER, . PER POUND "OF GAS ABSORBED 
IF ·· fK • GE. 5) GO TO 311 
16 READ(5,401)TABS,HT 
401 FORMAT(2F10.J) 
311 TABS= TABS + 1 O. 
17 QLOSS=(HT-(TABS-TOUT)*CP)*XCOTO 
C CONC IS THE PERCENTAGE CONCENTRATION OF 
C CARRIER FLUID IN WATER, WHILE RATIO IS THE 
C RATIO OF LBM OF CARRIER FLUID TO LBM OF GAS 
IF {K .GE. 5) GO TO 19 
18 READ(5,402) CONC,RATIO 
402 FORMAT(2F10.J) 
19 XCARB=RATIO*XCOTO 
20 XIX=XCOTO + XCARB 
WRITE(6,603) F,L,UID,CYCLE~RATIO 
60) FORMAT('O','THE RATIO OF LBM',3A4,'TO LBM ' 
lAJ,' IS' ,FlO.J) 
WRITE(6,998) HT,CYCLE 
' 
99.8 FORMAT(' 0', 'THE HEAT OF REACTION IS' ,FlO.), 
1'PER LBM ',AJ,' ABSORBED') 
WRITE(6,996) TABS 
996 FORMAT(26HOTHE ABSORBER TEMPERATURE IS,FlO.), 
l'(R)') 
KQLS=QLOSS/3412 
Z= QLOSS/XC OTO 
31 WRITE(6,40J) QLOSS,KQLS,Z · 
403 FORMAT{'O','HEAT LOSS IN ABSORBER IS',F15.J, 
1' BTU/HR =',F10,J,' KW',5X,'PE~ LBM=',FlO.J, 
2' BTU') 
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C VMIX IS THE SPECIFIC VOLUME OF THE COMBINED 
C GAS _ ~ND CARRIER FLUID, EFFP IS THE PUMP 
C EFFICIENCY, VCARB IS THE SPECIFIC VOLUME OF 
C THE CARRIER FLUID, EFFW IS THE PELTON WHEEL 
C EFFICIENCY 
IF (K .GE. 5) GO TO 24 










202 FORMAT('O','POWER REQUIRED BY THE PUMP-PELTON 
!WHEEL COMBINATION IS',F15.2,'BTU/HR=',F10.3, 
'2' KW I ) 
BWR=WREQ/(WTURB*XCOTO) 
WRITE(6,801) BWR 
801 FORMAT('O','THE BACKWORK RATIO IS',F5.4) 
ANET=WNET*3412 
WRITE(6,203) ANET,WNET 
203 FORMAT('O','THE NET POWER OUTPUT IS',F15.3, 
1 I BTU/HR=' 'Fl 0. 3' tt KW I ) 
C DELTC IS THE TEMPERATURE DIFFERENCE ACROSS THE 
C CARRIER FLUID COOLER, CPCARB IS THE SPECIFIC 
C HEAT OF THE CARRIER FLUID 
IF (K .GE. 5) GO TO 35 






36 WRIT·E-( 6, 302) F ,.L, UID, QCOOL,KQL, Y 
)02 FORMAT('O','HEAT LOSS IN THE ',3A4,' COOLER 
1IS',F1).J,' BTU/HR=',FlO.J,' KW',)x,• PER 
2LBM=' ,FlO. 3,' BTU') 
QIN=QLOSS + (WNET*3412) + QCOOL 
KQIN=QIN/3412 
WRITE(6,41) QIN,KQIN 
41 FORMAT('O','TOTAL Q IN IS',F15.3,' BTU', 
1 F 15 • 3 , ' KW ' ) 
HR=QIN/WNET 
WRITE(6.42) HR 
42 FORMAT('O','THE HEAT RATE IS',F15.3~' 
1BTU/KW') 
39 BETA=(WNET*3412)/(QLOSS + (WNET*3412) + 
1QCOOL) 
CETA= ( TIN-TOUT)/TIN 
703 WRITE(6,602) CETA 
' 602 FORMAT(31HOTHE CARNOT CYCLE EFFICIENCY IS, 
lFlO.J) 
40 WRITE(6,501) CYCLE,BETA 







C CPW IS THE SPECIFIC HEAT OF THE SEA WATER, 
C BTD/LBM, TBO IS THE TEMPERATURE OF THE OUTPUT 
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C BRINE FROM THE FLASH EVAPORATOR, DELTAT IS THE 
C TEMPERATURE DIFFERENCE ACROSS THE FLASH 
C EVAPORATOR, WH IS THE SEA WATER CIRCULATION, 
C LBM/HR, WD IS THE SEA WATER CIRCULATION, 
C GALLONS PER DAY, PR IS THE PERFORMANCE 
C RATIO, FOUND OF DISTILLATE PRODUCED PER 
C 1000 BTU OF HEAT REQUIRED 
WRITE(6,2) DELTAT 
2 FORMAT('O','THE TEMPERATURE DIFFERENCE ACROSS 
!THE DISTILLATION UNIT IS',F10.3) 




3 FORMAT('O','THE REQUIRED SEA WATER CIRCULATION 
1 IS' ,F15. 3, 'LBM/HR', 1 OX ,F15. 3, 'GALLONS PER DAY' 
2) . 
M=(QREJ/LAMDAM)*(((DELTAT + 20}/DELTAB)- 1) 
WRITE(6,4) M 
4 FORMAT('O','THE FRESH WATER PRODUCED IS', 
' 
1Fl5.3,' GALLONS PER DAY') 
PR=((M*64)/(?.48052*24))/(QREJ/1000) 
WRITE(6,6) PR 
6 FORMAT('O','THE PERFORMANCE RATIO IS',F10.6) 
K=K + 5 
A( JJ, 1 )=TOUT 
A ( JJ ,KK )=CETA 






NN=2*N + 1 




The program is set up to run on an IBM 370 computer. The 
l?rogram includes a plot routine which plots a graph of the 
cycle and Carriot efficiencies versus the turbine outlet 
temperature and a graph of the fresh water produced versus 
the turbine out1et temperature. The variable names are ex-
plained in the program. 
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